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Abstract
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Muscarinic receptor agonists have primarily been used to characterize endothelium-dependent
vasodilator dysfunction with overweight/obesity. Reliance on a single class of agonist, however,
yields limited, and potentially misleading, information regarding endothelial vasodilator capacity.
The aims of this study were to determine 1) whether the overweight/obesity-related reduction in
endothelium-dependent vasodilation extends beyond muscarinic receptor agonists and 2) whether
the contribution of nitric oxide (NO) to endothelium-dependent vasodilation is reduced in
overweight/obese adults. Eighty-six middle-aged and older adults were studied: 42 normal-weight
(54 ± 1 yr, 21 men and 21 women, body mass index = 23.4 ± 0.3 kg/m2) and 44 overweight/obese
(54 ± 1 yr, 28 men and 16 women, body mass index = 30.3 ± 0.6 kg/m2) subjects. Forearm blood
flow (FBF) responses to intra-arterial infusions of acetylcholine in the absence and presence of the
endothelial NO synthase inhibitor NG-monomethyl-L-arginine, methacholine, bradykinin,
substance P, isoproterenol, and sodium nitroprusside were measured by strain-gauge
plethysmography. FBF responses to each endothelial agonist were significantly blunted in the
overweight/obese adults. Total FBF (area under the curve) to acetylcholine (50 ± 5 vs. 79 ± 4 ml/
100 ml tissue), methacholine (55 ± 4 vs. 86 ± 5 ml/100 ml tissue), bradykinin (62 ± 5 vs. 85 ± 4
ml/100 ml tissue), substance P (37 ± 4 vs. 57 ± 5 ml/100 ml tissue), and isoproterenol (62 ± 4 vs.
82 ± 6 ml/100 ml tissue) were 30%–40% lower in the overweight/obese than normal-weight
adults. NG-monomethyl-L-arginine significantly reduced the FBF response to acetylcholine to the
same extent in both groups. There were no differences between the groups in the FBF responses to
sodium nitroprusside. These results indicate that agonist-stimulated endothelium-dependent
vasodilation is universally impaired with overweight/ obesity. Moreover, this impairment appears
to be independent of NO.
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Impaired endothelium-dependent vasodilation, a hallmark characteristic of endothelial
dysfunction, has been linked etiologically to the initiation and development of
atherosclerotic vascular disease (25, 35). Indeed, reduced endothelium-mediated
vasodilation occurs early in atherogenesis, before histological and/or angiographic evidence
of disease (38). Endothelial function, particularly endothelium-dependent vasodilation, is
impaired in overweight and obese adults and is thought to contribute to their increased risk
of coronary artery disease, cerebrovascular disease, and atherothrombotic events (23, 24, 29,
30, 32)
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The mechanisms responsible for the adiposity-related reduction in endothelial vasodilator
function in adult humans are not completely understood. Pharmacological studies have
primarily employed muscarinic receptor agonists, acetylcholine or methacholine, to assess
the influence of increased body fatness on endothelium-dependent vasodilation (23, 30, 31).
The reliance on a single agonist, however, yields limited, and potentially misleading,
information regarding endothelial vasodilator capacity. For example, we previously
demonstrated that although the forearm vasodilator response to acetylcholine declines with
advancing age, the vascular responses to other agonists, including bradykinin, substance P,
and isoproterenol, are well preserved (9). Moreover, in hypercholesterolemic patients,
forearm vasodilation to acetylcholine and substance P, but not bradykinin, has been shown
to be blunted (6, 14). Thus the use of multiple agonists is a more rigorous approach to assess
endothelial vasodilator capacity in conscious humans, inasmuch as it provides additional
insight into the extent, degree, and potential mechanism of dysfunction. It is unknown
whether the endothelial vasodilator dysfunction observed in overweight and obese adults is
limited to muscarinic receptor agonists.
Accordingly, the primary experimental aim of the present study was to determine whether
the overweight/obesity-related reduction in endothelium-dependent vasodilation extends
beyond muscarinic receptor agonists. To address this aim, we determined the forearm
vascular responses to a variety of endothelial agonists that stimulate nitric oxide (NO)mediated vasodilation via different cell surface receptors and intracellular signaling
pathways in normal-weight and overweight/obese adults. A secondary aim was to determine
whether the contribution of NO to endothelium-dependent vasodilation is reduced in
overweight/obese adults.

METHODS
Subjects
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Eighty-six middle-aged and older adults (41–71 yr of age) were studied: 42 were normal
weight [body mass index (BMI) ≤25.0 kg/m2] and 44 were overweight/obese (BMI = 27.0–
40.0 kg/m2). All subjects were sedentary and had not participated in a regular aerobic
exercise program for ≥2 yr before the start of the study. Subjects were excluded from the
study if they presented a history or evidence of hepatic, renal, or hematologic disease;
peripheral vascular disease; stroke; diabetes (fasting plasma glucose >7.0 mmol/l) (2); dyslipoproteinemia (total cholesterol ≥6.0 mmol/l, triglycerides ≥3.0 mmol/l) (11); or
hypertension (blood pressure ≥ 140/90 mmHg) (7). All subjects were screened for clinical
evidence of coronary artery disease with resting and maximal-exercise electrocardiograms
and blood pressure. None of the subjects smoked or were taking medication, including
vitamins. All the women were ≥1 yr (mean 7 ± 2 yr) postmenopause and had never used
hormone replacement therapy or discontinued use of hormone replacement therapy ≥1 yr
before the start of the study. The research study and its potential risks and benefits were
explained fully before the subjects provided written informed consent according to the
guidelines of the University of Colorado at Boulder. This study was approved by the
University of Colorado at Boulder Human Research Committee.
Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 19.
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Body composition—Body mass was measured to the nearest 0.1 kg with a medical beam
balance (Detecto, Webb City, MO). Percent body fat was determined by dual-energy X-ray
absorptiometry (Lunar Radiation, Madison, WI). BMI was calculated as weight (kg) divided
by height (m) squared. Minimal waist circumference was measured according to previously
published guidelines (16).
Treadmill exercise test—For assessment of aerobic fitness, subjects performed
incremental treadmill exercise using a modified Balke protocol as previously described (10).
Maximal oxygen consumption (V̇O2 max) was measured using online computer-assisted
open-circuit spirometry.
Metabolic measurements—Fasting plasma lipid and lipoprotein, glucose, and insulin
concentrations were determined using standard techniques by the clinical laboratory
affiliated with the General Clinical Research Center. Insulin resistance was estimated using
the homeostasis model assessment derived from fasting glucose and insulin concentrations
(18). Plasma concentrations of oxidized low-density lipoprotein (oxLDL), C-reactive protein
(CRP), and asymmetric dimethylarginine (ADMA) were determined by enzyme
immunoassay (33).
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Intra-arterial infusion protocols—All measurements were performed in a temperaturecontrolled room between 7 and 10 AM after a 12-h overnight fast. Under strict aseptic
conditions, a 5-cm, 20-gauge catheter was inserted into the brachial artery of the
nondominant arm under local anesthesia (1% lidocaine). Forearm blood flow (FBF) was
measured in the experimental (nondominant) and the contralateral (dominant) forearm using
strain-gauge venous occlusion plethysmography (D. E. Hokanson) as previously described
(9). FBF responses are presented in milliliters per 100 milliliters of forearm volume per
minute. The total amount of blood flow across the forearm in response to each agonist was
calculated as the area under each curve above baseline with use of a trapezoidal model.
Before the beginning of the study, permission was obtained from the US Food and Drug
Administration to administer methacholine, bradykinin, substance P, and NG-monomethyl-Larginine (L-NMMA) to humans.
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Protocol 1—In 23 of the 42 normal-weight (BMI = 23.4 ± 0.4 kg/m2, 11 men and 12
women) and 24 of the 44 overweight/obese (BMI = 30.3 ± 0.7 kg/m2, 15 men and 9 women)
subjects, endothelium-dependent vasodilation was assessed by FBF responses to incremental
doses of acetylcholine (IOLAB Pharmaceuticals, Duluth, GA), methacholine (Clinalfa),
bradykinin (Clinalfa), substance P (Clinalfa), and isoproterenol (Isuprel, Abbott
Laboratories). FBF response to sodium nitroprusside (Nitropress, Abbott Laboratories) was
used to assess endothelium-independent vasodilation. Acetylcholine was infused at 4.0, 8.0,
and 16.0 µg · 100 ml tissue−1 · min−1, methacholine at 0.15, 0.30 and 1.0 µg · 100 ml
tissue−1 · min−1, bradykinin at 12.5, 25.0, and 50.0 ng · 100 ml tissue−1 · min−1, substance P
at 75, 150, and 300 pg · 100 ml tissue−1 · min−1, isoproterenol at 5, 10, and 20 ng · 100 ml
tissue−1 · min−1, and sodium nitroprusside at 1.0, 2.0, and 4.0 µg · 100 ml tissue−1 · min−1.
These doses of acetylcholine, methacholine, bradykinin, substance P, and isoproterenol have
been shown to elicit comparable increases in FBF in healthy adults (5, 9, 20). Each dose was
infused for ~5 min, and sufficient time (~20 min) was allowed for FBF to return to resting
levels between drug infusions. To avoid an order effect, the sequence of drug administration
was randomized.
Protocol 2—FBF responses to acetylcholine were determined before and after
administration of the endothelial NO synthase (eNOS) inhibitor L-NMMA(Clinalfa). These
Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 19.
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studies were performed in 19 normal-weight (BMI = 23.3 ± 0.4 kg/m2, 10 men and 9
women) and 20 overweight/obese (BMI = 30.2 ± 0.9 kg/m2, 13 men and 7 women) subjects
who did not participate in protocol 1. After acetylcholine was infused at the doses noted
above and blood flow was allowed to return to resting levels, L-NMMA was infused at 2.5
mg · 100 ml tissue−1 · min−1 for 5 min. Immediately thereafter, the acetylcholine dose
response was repeated with the continuous infusion of L-NMMA.
Statistical Analysis
Differences in subject baseline characteristics and area under the curve data were
determined by ANOVA. Group differences in FBF responses to each vasoactive drug were
determined by repeated-measures ANOVA. Because there were no significant sex
differences with respect to the main effect of overweight/obesity on any of the key outcome
variables, the data were pooled and are presented together. Also, because there were no
significant differences in the responses to the vasoactive agents between the overweight
(BMI = 27–29.9 kg/m2) and obese (BMI ≥ 30 kg/m2) adults, the groups were combined and
referred to as overweight/ obese. The data were analyzed using JMP 6 statistical software
(SAS, Cary, NC). Values are means ± SE. Statistical significance was set a priori at P <
0.05.

RESULTS
NIH-PA Author Manuscript

Table 1 presents selected subject characteristics. By design, body mass, BMI, and waist
circumference were higher (P < 0.01) in the overweight/obese subjects than normal-weight
controls. In addition, although well within clinically normal levels, plasma triglyceride,
glucose, and insulin concentrations were higher in the obese subjects. Circulating
concentrations of ADMA were not different, but CRP and oxLDL levels were higher in the
overweight/obese subjects than normal-weight controls.
Protocol 1: FBF Responses to Acetylcholine, Methacholine, Bradykinin, Substance P,
Isoproterenol, and Sodium Nitroprusside
Resting FBF in the noninfused arm and mean arterial pressure remained constant throughout
the infusion protocols and were not significantly different between the groups. Blood flow in
the infused arm returned to baseline levels after the infusion of each agonist and was not
significantly different between the groups.
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Acetylcholine—Figure 1 shows the FBF responses to acetylcholine in the normal-weight
and overweight/obese groups. The overweight/obese subjects demonstrated a markedly
blunted vasodilator response to acetylcholine. The increase in the FBF response to
acetylcholine was ~25% less (P < 0.01) in the overweight/obese subjects (from 4.3 ± 0.2 to
11.4 ml · 100 ml tissue−1 · min−1) than normal-weight controls (from 4.5 ± 0.2 to 15.4 ml ·
100 ml tissue−1 · min−1). As a result, total FBF to acetylcholine (area under the FBF curve)
was ~40% lower in the overweight/obese subjects than normal-weight controls (50 ± 5 vs.
79 ± 4 ml/100 ml tissue).
Methacholine—Methacholine was administered to 22 of the 23 normal-weight controls
and 21 of the 24 overweight/obese subjects because of drug availability. Similar to
acetylcholine, FBF responses to methacholine were significantly related to differences in
adiposity (Fig. 2). The FBF response to methacholine was ~25% lower (P < 0.01) in the
overweight/obese subjects (from 4.2 ± 0.2 to 12.7 ± 0.6 ml · 100 ml tissue−1 · min−1) than
normal-weight controls (from 4.6 ± 0.2 to 17.3 ± 0.6 ml · 100 ml tissue−1 · min−1). In
addition, total FBF to methacholine was ~30% lower (P < 0.05) in the overweight/obese
subjects than normal-weight controls (55 ± 4 vs. 86 ± 5 ml/100 ml tissue).

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 19.
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Bradykinin—FBF responses to bradykinin are shown in Fig. 3. In response to bradykinin
stimulation, FBF was ~20% lower (P < 0.01) in the overweight/obese subjects (from 4.1 ±
0.3 to 12.9 ± 0.7 ml · 100 ml tissue−1 · min−1) than normal-weight controls (from 4.6 ± 0.2
to 16.4 ± 0.6 ml · 100 ml tissue−1 · min−1). Consequently, total FBF to bradykinin was lower
(~25%, P < 0.05) in the overweight/obese subjects than normal-weight controls (62 ± 5 vs.
85 ± 4 ml/100 ml tissue).
Substance P—Figure 4 shows the FBF responses to substance P in the normal-weight and
overweight/obese groups. The obese subjects demonstrated significantly reduced vasodilator
responses to substance P: the FBF response to substance P was ~25% lower in the
overweight/obese subjects (from 4.2 ± 0.2 to 10.6 ± 0.6 ml · 100 ml tissue−1 · min−1) than
normal-weight controls (from 4.6 ± 0.2 to 13.4 ± 0.8 ml · 100 ml tissue−1 · min−1). Total
FBF to substance P was ~35% less in the overweight/obese subjects than normal-weight
controls (37 ± 4 vs. 57 ± 5 ml/100 ml tissue).
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Isoproterenol—Similar to acetylcholine, methacholine, bradykinin, and substance P,
forearm vascular responses to isoproterenol were diminished in the overweight/obese
subjects (Fig. 5). The increase in the FBF response to isoproterenol was ~25% lower (P <
0.01) in the obese subjects (from 4.4 ± 0.2 to 13.8 ± 0.8 ml · 100 ml tissue−1 · min−1) than
normal-weight controls (from 4.7 ± 0.2 to 16.9 ± 0.8 ml · 100 ml tissue−1 · min−1). Total
FBF to isoproterenol was significantly (~25%) less in the overweight/obese subjects than
normal-weight controls (62 ± 4 vs. 82 ± 6 ml/100 ml tissue).
Sodium nitroprusside—There were no significant differences between the groups in the
FBF responses to sodium nitroprusside (Fig. 6).
Protocol 2: Effects of L-NMMA on FBF Responses to Acetylcholine
Consistent with our findings in protocol 1, FBF responses to acetylcholine were significantly
lower in the overweight/obese subjects (from 4.3 ± 0.2 to 11.1 ± 0.7 ml · 100 ml tissue−1 ·
min−1) than normal-weight controls (from 4.6 ± 0.3 to 14.2 ± 0.9 ml · 100 ml tissue−1 ·
min−1). L-NMMA produced similar reductions (~30%) in FBF at baseline in the overweight/
obese subjects (from 4.2 ± 0.2 to 2.6 ± 0.2 ml · 100 ml tissue−1 · min−1) and normal-weight
controls (from 4.3 ± 0.2 to 2.7 ± 0.2 ml · 100 ml tissue−1 · min−1). Infusion of L-NMMA
significantly blunted the acetylcholine-mediated vasodilator response in both groups (Fig.
7). The magnitude of the reduction (~20%) in FBF was not significantly different between
the overweight/obese subjects and normal-weight controls.
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DISCUSSION
It is well established that the forearm vasodilator response to acetylcholine and
methacholine is significantly impaired in overweight and obese adult humans (23, 30, 31).
The results of the present study confirm and extend these findings, inasmuch as we
demonstrate for the first time that FBF responses to other endothelial agonists are also
significantly impaired with increased adiposity. Indeed, in addition to acetylcholine and
methacholine, forearm vasodilation to bradykinin, substance P, and isoproterenol was
substantially lower (~30%) in overweight/obese adults than their normal-weight peers.
Moreover, the results of the present study suggest that impaired endothelium-dependent
vasodilation with increased adiposity is not due to diminished NO production.
To comprehensively assess the influence of overweight/ obesity on endothelium-dependent
vasodilation in conscious humans, we determined the FBF responses to a variety of
endothelial agonists that act via different endothelial cell surface receptors, intracellular

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 19.
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membrane-bound G proteins, and signal transduction pathways (27). Acetylcholine and
methacholine are muscarinic receptor agonists that stimulate the phospholipase Cphosphatidylinositol-Ca2+ signaling pathway, via the intracellular membrane-bound
pertussis toxin-sensitive G protein, leading to increased intracellular Ca2+ and the activation
of eNOS and, in turn, production and subsequent release of NO (4, 27). Similar to
acetylcholine and methacholine, bradykinin stimulates the phospholipase C-phosphatidylinositol-Ca2+ intracellular signal transduction pathway; however, this is mediated through
B2-kininergic receptors coupled to a pertussis toxin-insensitive G protein (3). Substance P
and acetylcholine share the same G protein signaling pathway, but substance P interacts with
tachykinin receptors on the endothelial cell surface (26). Inasmuch as acetylcholine,
methacholine, substance P, and bradykinin share the same phospholipase Cphosphatidylinositol-Ca2+ intracellular signal transduction pathway, it is possible that
impaired Ca2+ release may contribute to the impaired responses. However, isoproterenol is a
β-adrenoceptor agonist that stimulates vasorelaxation, in part, by activating the adenylyl
cyclase pathway, resulting in cAMP activation of eNOS (5). Thus, in the present study,
regardless of the agonist administered, endothelium-dependent vasodilation was
significantly reduced in the overweight/obese subjects compared with normal-weight
controls. Moreover, the magnitude of impairment in vasodilation was similar among the
agonists, suggesting a general endothelial vasomotor abnormality, rather than a specific
endothelial receptor or signal transduction pathway defect. Consistent with this postulate, we
recently reported that obesity-related impairment in acetylcholine-mediated vasodilation
with overweight/obesity is not due to reduced muscarinic receptor responsiveness or
sensitivity (32).
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The mechanisms responsible for this general dysfunction in agonist-mediated endotheliumdependent vasodilation in overweight/obese adults are not clear. All the endothelial agonists
used in the present study stimulate vasodilation, at least in part, by the activation of eNOS
and subsequent production of NO. Overweight and obesity are conditions characterized by
increased oxidative stress and inflammatory burden (12, 15). Increased oxidative stress and
systemic inflammation have been shown to have unfavorable effects on stimulated
endothelial NO bioavailability (37). Consistent with previous work (12, 15), our overweight/
obese subjects demonstrated higher circulating plasma concentrations of oxLDL and CRP,
specific markers of oxidative and inflammatory stress, respectively. Thus a reduction in NO
bioavailability would be a logical mechanism underlying the global impairment in
vasodilator capacity in the overweight/obese subjects. However, the results of the present
study do not support this postulate. In response to infusion of acetylcholine + L-NMMA, we
observed almost identical reductions in forearm vasodilation in the normal-weight controls
and overweight/obese subjects, suggesting that the contribution of NO to acetylcholinemediated vasodilation is preserved with increased adiposity. In addition, we observed no
differences in circulating levels of the endogenous eNOS inhibitor ADMA or resting FBF
responses to L-NMMA between the overweight/obese subjects and normal-weight controls.
Consistent with our findings, Nielsen et al. (22) reported similar FBF responses to L-NMMA
in a comparison of young normal-weight and upper body-obese men. Complementing these
findings, a recent in vitro study involving endothelial cells isolated from normal-weight and
overweight/obese adults revealed no group differences in eNOS protein expression (28).
Thus, taken together, these data suggest that adiposity-related endothelial vasodilator
dysfunction is not due to impaired eNOS activity or NO production.
It is possible that elevated vasoconstrictor tone may blunt endothelial vasodilator capacity in
overweight/obese adults. For example, endothelin-1 (ET-1)-mediated vasoconstriction has
been reported to be elevated in overweight/obese adults. ET-1, which is produced primarily
by vascular endothelial cells, is one of the most potent endogenous vasoconstrictor peptides
(36). Mather et al. (17) showed that ET-1-mediated vasoconstrictor tone is higher in
Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 19.
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overweight/obese than normal-weight adults and that this increase in vasoconstrictor activity
contributes to the endothelial vasodilator dysfunction associated with increased body
fatness. Specifically, they demonstrated that blockade of the ETA receptor restored leg blood
flow responses to methacholine in overweight and obese adults to levels similar to that of
normal-weight controls. In addition, angiotensin II-stimulated forearm vasoconstriction has
been reported to be higher in obese men (22). Thus an increase in endothelial
vasoconstrictor tone resulting in limited vasodilator capacity is a tenable hypothesis to
account for the general impairment in endothelium-dependent vasodilation in the
overweight/obese adults.
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From a clinical perspective, it is important to emphasize that there were no significant
differences in the FBF responses to any of the endothelial agonists (or sodium nitroprusside)
between the overweight (mean BMI = 27.7 ± 0.3 kg/m2) and obese (BMI = 33.4 ± 0.8 kg/
m2) subjects within the overweight/obese group. Indeed, the peak FBF response to
acetylcholine (12.3 ± 0.7 vs. 10.4 ± 1.0 µg · 100 ml tissue−1 · min−1), methacholine (12.3 ±
0.8 vs. 12.9 ± 0.8 µg · 100 ml tissue−1 · min−1), bradykinin (13.2 ± 0.5 vs. 11.7 ± 1.0 µg ·
100 ml tissue−1 · min−1), substance P (11.3 ± 0.9 vs. 9.9 ± 0.8 ml/100 ml tissue), and
isoproterenol (14.3 ±1.0 vs. 13.1 ± 1.0 ml/100 ml tissue) was similar between the groups,
irrespective of the marked difference in BMI. These data indicate that the impaired
endothelial vasodilator function commonly observed with obesity is apparent in the
overweight state. This finding complements a previous study from our laboratory (34), in a
comparable study population, demonstrating similar levels of endothelial fibrinolytic
dysfunction in overweight and obese subjects compared with normal-weight adults. Thus
increased adiposity resulting in an overweight or obese body status classification is
associated with unfavorable changes in vascular endothelial function. Inasmuch as ~65% of
the US population is overweight (13) and endothelial vasodilator and fibrinolytic
dysfunction are key antecedents to cardiovascular disease and acute vascular events (19, 21,
25, 29), it is imperative that interventions aimed at reducing adiposity and improving
endothelial function not only target obese adults but also those who are mild to moderately
overweight.
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Three experimental considerations regarding this study should be mentioned. 1) Considering
our cross-sectional study design, we cannot dismiss the possibility that genetic and/or
lifestyle behaviors may have influenced the results of our group comparisons. To minimize
the influence of lifestyle behaviors, all subjects were nonsmokers, were not currently taking
medication that could influence endothelium-dependent vasodilation, and did not differ in
habitual physical activity. In addition, we studied carefully screened normal-weight and
overweight/ obese adults to eliminate the confounding effects of clinically overt
cardiovascular and metabolic disease. 2) Although we determined the influence of
overweight/obesity on forearm endothelium-dependent vasodilation responses to a number
of agonists, the role of NO in the vasodilator responses was only assessed using L-NMMA
with acetylcholine. Inasmuch as the contribution of NO to endothelium-mediated
vasodilation can vary substantially depending on the agonist used, we cannot confidently
infer from our results similar findings among the other agents. For example, up to 70% of
the forearm vasodilation induced by substance P has been shown to be NO mediated,
compared with 30–40% for acetylcholine (5, 8, 20). It is possible that overweight/obesityrelated differences in NO-mediated vasodilation may emerge with agonists that are
predominantly NO dependent, such as substance P. 3) The results of the present study
pertain only to the forearm vasculature. Although acetylcholine- and methacholine-mediated
endothelium-dependent vasodilation has been shown to be impaired in the coronary and
femoral arteries of overweight/obese adults (1, 31), it is unknown whether the extent of
dysfunction observed in the forearm in response to various agonists is similar to that in other
vascular beds.
Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 19.
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In conclusion, the results of the present study demonstrate that increased adiposity is
associated with profound impairment in endothelium-dependent vasodilation that extends
beyond muscarinic receptor agonists. Regardless of the endothelial agonist employed,
forearm vasodilator capacity is markedly lower in overweight/obese than normal-weight
adults. Moreover, the impairment in endothelial vasodilation with overweight/obesity
appears to be independent of NO bioavailability. Clinically, it is important to emphasize that
the degree of endothelial vasodilator dysfunction observed with obesity is evident in the
overweight state, suggesting that any excess adiposity is associated with impaired
endothelial vasodilator function.

Acknowledgments
We thank all the subjects who participated in the study as well as Yoli Casas for technical assistance.
GRANTS
This study was supported by National Institutes of Health Awards HL-068030, DK-062061, HL-076434, and MO1
RR-00051 and an American Diabetes Association Clinical Research Award.

REFERENCES
NIH-PA Author Manuscript
NIH-PA Author Manuscript

1. Al Suwaidi J, Higano ST, Holmes DR Jr. Lennon R, Lerman A. Obesity is independently associated
with coronary endothelial dysfunction in patients with normal or mildly diseased coronary arteries. J
Am Coll Cardiol. 2001; 37:1523–1528. [PubMed: 11345360]
2. American Diabetes Association. Clinical practice recommendations 2007. Diabetes Care. 2007;
30(Suppl 1):S1–S104.
3. Brown, J.; Taylor, P. Muscarinic receptor agonists and antagonists. In: Hardman, J.; Limbird, L.,
editors. Goodman & Gillman’s The Pharmacological Basis of Therapeutics. New York: McGraw
Hill; 2001. p. 155-175.
4. Busse R, Mulsch A, Fleming I, Hecker M. Mechanisms of nitric oxide release from the vascular
endothelium. Circulation. 1993; 87(Suppl V):V-18–V-25.
5. Cardillo C, Kilcoyne C, Quyyumi A, Cannon R, Panza J. Selective defect in nitric oxide synthesis
may explain the impaired endothelium-dependent vasodilation in patients with essential
hypertension. Circulation. 1998; 97:851–856. [PubMed: 9521333]
6. Casino PR, Kilcoyne CM, Cannon RO, Quyyumi AA 3rd, Panza JA. Impaired endotheliumdependent vascular relaxation in patients with hypercholesterolemia extends beyond the muscarinic
receptor. Am J Cardiol. 1995; 75:40–44. [PubMed: 7528464]
7. Chobanian A, Bakris G, Black H, Cushman W, Green L, Izzo J, Jones D, Materson B, Oparil S,
Wright J, Roccella E. The Seventh Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure The JNC 7 report. JAMA. 2003;
289:2560–2572. [PubMed: 12748199]
8. Cockcroft J, Chowienczyk P, Brett S, Ritter J. Effect of N G-monomethyl-l-arginine on kinininduced vasodilation in the human forearm. Br J Clin Pharmacol. 1994; 38:307–310. [PubMed:
7530473]
9. DeSouza C, Clevenger C, Greiner J, Smith D, Hoetzer G, Shapiro L, Stauffer B. Evidence for
agonist-specific endothelial vasodilator dysfunction with ageing in healthy humans. J Physiol. 2002;
542:255–262. [PubMed: 12096067]
10. DeSouza C, Shapiro L, Clevenger C, Dinenno F, Monahan KD, Tanaka H, Seals D. Regular
aerobic exercise prevents and restores the age-related decline in endothelium-dependent
vasodilation in healthy men. Circulation. 2000; 102:1351–1357. [PubMed: 10993851]
11. Fedder D, Koro C, L’Italien G. New National Cholesterol Education Program III Guidelines for
Primary Prevention Lipid-Lowering Drug Therapy Projected impact on the size, sex, and age
distribution of the treatment-eligible population. Circulation. 2002; 105:152–156. [PubMed:
11790693]

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 19.

Van Guilder et al.

Page 9

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

12. Festa A, D’Agostino R Jr. Williams K, Karter AJ, Mayer-Davis EJ, Tracy RP, Haffner SM. The
relation of body fat mass and distribution to markers of chronic inflammation. Int J Obes Relat
Metab Disord. 2001; 25:1407–1415. [PubMed: 11673759]
13. Flegal K, Carroll M, Ogden C, Johnson C. Prevalence and trends in obesity among US adults.
JAMA. 2003; 288:1723–1727. [PubMed: 12365955]
14. Gilligan D, Guetta V, Panza J, Garcia C, Quyyumi A, Cannon R. Selective loss of microvascular
endothelial function in human hypercholesterolemia. Circulation. 1994; 90:35–41. [PubMed:
8026018]
15. Keaney JF Jr. Larson MG, Vasan RS, Wilson PW, Lipinska I, Corey D, Massaro JM, Sutherland P,
Vita JA, Benjamin EJ. Obesity and systemic oxidative stress: clinical correlates of oxidative stress
in the Framingham Study. Arterioscler Thromb Vasc Biol. 2003; 23:434–439. [PubMed:
12615693]
16. Lohman, T.; Roche, A.; Mortorell, R. Anthropometric Standardization Reference Manual.
Champaign, IL: Human Kinetics; 1988.
17. Mather K, Mirzamohammadi B, Lteif A, Steinberg H, Baron A. Endothelin contributes to basal
vascular tone and endothelial dysfunction in human obesity and type 2 diabetes. Diabetes. 2002;
51:3517–3523. [PubMed: 12453909]
18. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model
assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin
concentrations in man. Diabetologia. 1985; 28:412–419. [PubMed: 3899825]
19. Muldowney J, Vaughan D. Tissue-type plasminogen activator release new frontiers in endothelial
function. J Am Coll Cardiol. 2002; 40:967–969. [PubMed: 12225724]
20. Newby D, Boon N, Webb D. Comparison of forearm vasodilation to substance P and
acetylcholine: contribution of nitric oxide. Clin Sci (Lond). 1997; 92:133–138. [PubMed:
9059313]
21. Newby D, Wright R, Labinjoh C, Ludlam C, Fox K, Boon N, Webb D. Endothelial dysfunction,
impaired endogenous fibrinolysis, and cigarette smoking. A mechanism for arterial thrombosis and
myocardial infarction. Circulation. 1999; 99:1411–1415. [PubMed: 10086962]
22. Nielsen S, Halliwill JR, Joyner MJ, Jensen MD. Vascular response to angiotensin II in upper body
obesity. Hypertension. 2004; 44:435–441. [PubMed: 15337733]
23. Perticone F, Ceravolo R, Candigliota M, Ventura G, Iacopino S, Sinopoli F, Mattioli P. Obesity
and body fat distribution induce endothelial dysfunction by oxidative stress. Diabetes. 2001;
50:159–165. [PubMed: 11147782]
24. Poirier P, Eckel RH. Obesity and cardiovascular disease. Curr Atheroscler Rep. 2002; 4:448–453.
[PubMed: 12361492]
25. Quyyumi A. Endothelial function in health and disease: new insights into the genesis of
cardiovascular disease. Am J Med. 1998; 105:32S–39S. [PubMed: 9707266]
26. Saito R, Nonaka S, Konishi H, Takano Y, Shimohigashi Y, Matsumoto H, Ohno M, Kamiya H.
Pharmacological properties of the tachykinin receptor subtype in the endothelial cell and
vasodilation. Ann NY Acad Sci. 1991; 632:457–459. [PubMed: 1719902]
27. Shimokawa H. Primary endothelial dysfunction: atherosclerosis. J Mol Cell Cardiol. 1999; 31:23–
37. [PubMed: 10072713]
28. Silver AE, Beske SD, Christou DD, Donato AJ, Moreau KL, Eskurza I, Gates PE, Seals DR.
Overweight and obese humans demonstrate increased vascular endothelial NAD(P)H oxidasep47phox expression and evidence of endothelial oxidative stress. Circulation. 2007; 115:627–637.
[PubMed: 17242275]
29. Singhal A. Endothelial dysfunction: role in obesity-related disorders and the early origins of CVD.
Proc Nutr Soc. 2005; 64:15–22. [PubMed: 15877918]
30. Sivitz WI, Wayson SM, Bayless ML, Sinkey CA, Haynes WG. Obesity impairs vascular relaxation
in human subjects: hyperglycemia exaggerates adrenergic vasoconstriction arterial dysfunction in
obesity and diabetes. J Diabetes Complications. 2007; 21:149–157. [PubMed: 17493547]
31. Steinberg H, Chaker H, Leaming R, Johnson A, Brechtel G, Baron A. Obesity/insulin resistance is
associated with endothelial dysfunction. J Clin Invest. 1996; 97:2601–2610. [PubMed: 8647954]

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 19.

Van Guilder et al.

Page 10

NIH-PA Author Manuscript
NIH-PA Author Manuscript

32. Van Guilder GP, Hoetzer GL, Dengel DR, Stauffer BL, DeSouza CA. Impaired endotheliumdependent vasodilation in normotensive and normoglycemic obese adult humans. J Cardiovasc
Pharmacol. 2006; 47:310–313. [PubMed: 16495771]
33. Van Guilder GP, Hoetzer GL, Greiner JJ, Stauffer BL, DeSouza CA. Influence of metabolic
syndrome on biomarkers of oxidative stress and inflammation in obese adults. Obesity (Silver
Spring). 2006; 14:2127–2131. [PubMed: 17189537]
34. Van Guilder GP, Hoetzer GL, Smith DT, Irmiger HM, Greiner JJ, Stauffer BL, DeSouza CA.
Endothelial t-PA release is impaired in overweight and obese adults but can be improved with
regular aerobic exercise. Am J Physiol Endocrinol Metab. 2005; 289:E807–E813. [PubMed:
15985456]
35. Vita, J.; Keaney, J.; Loscalzo, J. Endothelial dysfunction in vascular disease. In: Loscalzo, J.;
Creager, M.; Dzau, V., editors. Vascular Medicine. A Textbook of Vascular Biology and Diseases.
New York: Little Brown; 1996. p. 245-265.
36. Wenzel RR, Czyborra P, Luscher T, Philipp T. Endothelin in cardiovascular control: the role of
endothelin antagonists. Curr Hypertens Rep. 1999; 1:79–87. [PubMed: 10981046]
37. Williams IL, Wheatcroft SB, Shah AM, Kearney MT. Obesity, atherosclerosis and the vascular
endothelium: mechanisms of reduced nitric oxide bioavailability in obese humans. Int J Obes Relat
Metab Disord. 2002; 26:754–764. [PubMed: 12037644]
38. Yasue H, Matsuyama K, Matsuyama K, Okumura K, Morikami Y, Ogawa H. Responses of
angiographically normal human coronary arteries to intracoronary injection of acetylcholine by
age, segment. Possible role of early coronary atherosclerosis. Circulation. 1990; 81:482–490.
[PubMed: 2105173]

NIH-PA Author Manuscript
Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 19.

Van Guilder et al.

Page 11

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Fig. 1.

Forearm blood flow (FBF; A) responses and total FBF (area under the curve; B) to
acetylcholine in normal-weight and overweight/obese groups. Values are means ± SE. *P <
0.05 vs. normal weight.

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 19.

Van Guilder et al.

Page 12

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Fig. 2.

FBF responses (A) and total FBF (area under the curve; B) to methacholine in normalweight and overweight/obese groups. Values are means ± SE. *P < 0.05 vs. normal weight.
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Fig. 3.

FBF responses (A) and total FBF (area under the curve; B) to bradykinin in normal-weight
and overweight/obese groups. Values are means ± SE. *P < 0.05 vs. normal weight.

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 June 19.

Van Guilder et al.

Page 14

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Fig. 4.

FBF responses (A) and total FBF (area under the curve; B) to substance P in normal-weight
and overweight/obese groups. Values are means ± SE. *P < 0.05 vs. normal weight.
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Fig. 5.

FBF responses (A) and total FBF (area under the curve; B) to isoproterenol in normalweight and overweight/obese groups. Values are means ± SE. *P < 0.05 vs. normal weight.
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Fig. 6.

FBF responses (A) and total FBF (area under the curve; B) to sodium nitroprusside in
normal-weight and overweight/obese groups. Values are means ± SE.
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Fig. 7.

FBF responses and total FBF (area under the curve) to acetylcholine in the absence and
presence of the nitric oxide (NO) synthase inhibitor NG-monomethyl-L-arginine (L-NMMA)
in normal-weight and overweight/obese groups. Values are means ± SE *P < 0.05 vs. saline.
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Table 1

Selected subject characteristics
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Variable
Age, yr
Sex, M/F

Normal Weight
(n = 42)

Overweight/Obese
(n = 44)

54±1

54±1

NIH-PA Author Manuscript

21/21

28/16

Body mass, kg

69.9±1.7

90.8±2.2*

Body fat, %

28.3±1.0

36.0±1.2*

BMI, kg/m2

23.4±0.3

30.3 ±0.6*

Waist circumference, cm

81.8±1.4

100.7±2.1*

Systolic

117±2

122±1*

Diastolic

76±1

78±1

Max O2 uptake, l/min

2.3±0.1

2.5±0.1

Total cholesterol, mmol/l

5.1 ±0.6

5.2±1.1

LDL-C, mmol/l

3.2±0.6

3.3±0.9

HDL-C, mmol/l

1.4±0.3

1.2±0.3

TG, mmol/l

1.1±0.5

1.4±0.7*

Glucose, mmol/l

4.9±0.5

5.2±0.5*

Insulin, pmol/l

27.9±1.9

41.7±3.0*

HOMA-IR

1.0±0.1

1.6±0.1*

BP, mmHg

ADMA, µmol/l

0.56±0.03

0.50±0.04

CRP, mg/l

0.9±0.2

3.2±0.5*

oxLDL, U/l

45.6±1.9

55.9±2.7*

Values are means ± SE. BMI, body mass index; BP, blood pressure; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; TG, triglycerides;
HOMA-IR, homeostasis model assessment of insulin resistance; ADMA, asymmetric dimethylarginine; CRP, C-reactive protein; oxLDL, oxidized
LDL.

*

P < 0.05 vs. normal weight.
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